We evaluated the use of the Green-Red Vegetation Index (GRVI) as a phenological indicator based on multiyear stand-level observations of spectral reflectance and phenology at several representative ecosystems in Japan. The results showed the relationships between GRVI values and the seasonal change of vegetation and ground surface with high temporal resolution. We found that GRVI has the following advantages as a phenological indicator: (1) "GRVI = 0" can be a site-independent single threshold for detection of the early phase of leaf green-up and the middle phase of autumn coloring, and (2) GRVI can show a distinct response to subtle disturbance and the difference of ecosystem types.
Introduction
Remote sensing is an effective approach for tracking phenological changes such as leaf green-up and autumn coloring from the regional to the global scale [1] . In fact, time-series datasets of spectral indices obtained by satellite remote sensing have demonstrated its usefulness in detecting the earlier shift in spring phenology on a regional scale [2] [3] [4] [5] [6] [7] , understanding the phenological response to meteorological conditions and developing a prognostic leaf onset model [8, 9] , and classifying vegetation types [10] .
The Normalized Difference Vegetation Index (NDVI), which is a normalized ratio of red and near-infrared reflectance [11] , has been used in many phenological studies, including the detection of timing of leaf green-up and autumn coloring [12] . NDVI is defined as follows:
where ρ red and ρ nir are reflectance of visible red and near-infrared, respectively. However, according to the results of time-series ground observation of the spectral indices and seasonal changes of a forest canopy, the conditions of the canopy in autumn indicated by NDVI are not identical among years; therefore, it is difficult to monitor leaf autumn coloring by using time-series NDVI [13] . One simple and possible reason for this problem is that NDVI is not sensitive enough to the leaf-color change from green to yellow or red because green reflectance is not used in the calculation of NDVI. Meanwhile, there are a lot of spectral bands which can be measured by using remote sensing. Therefore, it is important to seek the applicability of various other spectral indices to develop the phenology detection with remote sensing.
In the study, we propose to use the Green-Red Vegetation Index (GRVI) [11, 14] :
where ρ green is reflectance of visible green. We chose GRVI because the response of GRVI to various ground covers may be simple to interpret. In terms of the balance between green reflectance (wavelengths of around 500-570 nm) and red reflectance (wavelengths of around 620-700 nm), we can find three groups of spectral reflectance patterns for major components of ground cover ( Figure 1 ):
• Green vegetation (conifers, deciduous trees, and grass): ρ green is higher than ρ red .
• Soils (brown sand, silt, and dry clay): ρ green is lower than ρ red .
• Water/snow: ρ green and ρ red are mostly the same.
According to the Equation (2), green vegetation, soils, and water/snow have positive, negative, and near-zero values of GRVI, respectively. Therefore, we hypothesized that "GRVI = 0" becomes a effective threshold to distinguish between green vegetation and other types of the ground covers. Moreover, because the balance between green and red reflectance changes in response to leaf green-up and autumn coloring, the "GRVI = 0" threshold should be effective for phenology detection, too. Taking advantage of this feature, a simple algorithm for detecting the timing of leaf green-up and autumn coloring may be possible.
This idea can be verified with a time-series GRVI dataset with fine temporal resolution at various ecosystem types. However, few studies have used GRVI for ecological application (e.g., [16] ), and the seasonal characteristics of GRVI are not well understood. Furthermore, to the best of the authors' knowledge, there have been no reports about leaf phenological changes being detected by GRVI.
The goal of this article is to evaluate GRVI as a phenological indicator. Based on an investigation of the relationships between GRVI values and the seasonal change of vegetation and ground surface, we discuss an effective method to detect phenological changes, especially leaf green-up and autumn coloring. To achieve our goal, we conducted multi-year stand-level ground observations of spectral reflectance and phenology at several representative ecosystems in Japan. Figure 1 . Typical spectral reflectance of vegetation, soils, water, and snow. The original data were downloaded from the ASTER Spectral Library [15] (http://speclib.jpl.nasa.gov/).
Materials and Methods

Study Sites
Study sites were located in four major ecosystems in Japan: deciduous broadleaf forest (Takayama site: TKY), deciduous coniferous forest (Fuji-hokuroku site: FHK), grassland (Terrestrial Environment Research Center in the University of Tsukuba: TGF), and paddy field (Mase site: MSE). Table 1 summarizes features of these sites. The sites belong to the Phenological Eyes Network [17] (http://www.pheno-eye.org/) and the JapanFlux network (http://www.japanflux.org/). TKY and FHK also belong to the JaLTER network (http://www.jalter.org/).
Observation System
Spectral irradiance data and photographs of sky and canopy surface were taken periodically and automatically at each site by a typical Phenological Eyes Network system (e.g., [13, 21, 22] ), which mainly consists of a Hemi-Spherical Spectro-Radiometer (HSSR) and an Automatic-capturing Digital Fish-eye Camera (ADFC). Both HSSR and ADFC were installed atop a tower or a mast at each site. The HSSR measured the spectral irradiance of the sky and canopy, whereas the ADFC took photographs of the vegetation and the ground surface. 
HSSR
At each site we used as the HSSR the MS-700 radiometer of EKO Instruments Co., Ltd. with a wavelength range of 350-1050 nm, wavelength interval of 3.3 nm, half-bandwidth of 10 nm, and wavelength accuracy of less than 0.3 nm; the HSSR was controlled by a personal computer (operating system: Microsoft Windows XP or Windows 2000) and software supplied with the MS-700 by the manufacturer.
At TKY, TGF, and MSE, we attached the MS-700 radiometer to an automatic rotating stage (CHS-AR, Hayasaka Rikoh Co., Ltd.), which can flip back and forth driven by an electric motor, enabling the HSSR to observe both downward and upward directions alternatively. The time lag of the nearest upward and downward measurements was 2 min. The rotating stage was also controlled by a personal computer (operating system: Microsoft Windows XP or Windows 2000) and software supplied with the rotating stage by the manufacturer. We set the HSSR to observe both downward and upward directions every 10 min.
At FHK, we installed two HSSRs and did not use the rotating stage. Upward and downward spectral irradiance at the canopy top were measured simultaneously every 2 min by the two HSSRs. The instrumental error was corrected by comparing the data of downward spectral irradiance measured with the two HSSRs for several days from August to September each year.
ADFC
We used a CoolPix-4300 or a CoolPix-4500 digital cameras (Nikon Corporation), both with a fish-eye lens FC-E8 (Nikon Corporation), as the ADFC. Each camera was stored in a custom-built housing SPC31A (Hayasaka Rikoh Co., Ltd.). At TKY, FHK, and TGF, we installed downward and upward cameras at the end of a horizontal iron pipe attached to the tower top. At MSE, we attached a camera to the rotating stage on the backside of the HSSR. Upward (sky) photographs were used for checking the weather condition for quality control of the spectral data. Downward (canopy) photographs were used for monitoring seasonal change of vegetation and ground condition. To control the functions of the cameras (such as parameter configuration, image capture, and data retrieval), we used the free software "photopc" (http://photopc.sourceforge.net/) on the personal computers (operating system: Microsoft Windows XP, Windows 2000, or Linux). The configuration of the cameras was as follows: mode, programmed auto; white balance, Sunny or Auto; image size, 2272 × 1704 pixels; fisheye mode, Fisheye-1 (circular); file format, JPEG. We set the cameras to capture the sky every 2 min (TKY and TGF), 10 min (FHK), and 5 min (MSE), and to capture the vegetation and the ground every 90 min (TKY), 60 min (FHK), and 30 min (TGF and MSE).
Calculation of Spectral Indices
Daily spectral indices were calculated from the ground-measured spectral irradiance as follows:
1. The ground-measured spectral irradiances were converted to band-averaged irradiances by using the relative spectral response function of band 1 (visible red; wavelength 620-670 nm), band 2 (near-infrared; wavelength 841-876 nm), and band 4 (visible green; wavelength 545-565 nm) of the MODIS sensor on NASA's Terra satellite (e.g., [23] ; ftp://ftp.mcst.ssai.biz/pub/permanent/ MCST/PFM L1B LUT 4-30-99/).
2. Daily band-averaged irradiances were obtained by averaging the band-averaged irradiances measured from 10:00 to 14:00 each day.
3. Daily band-averaged reflectances were obtained by dividing the daily band-averaged irradiances of the ground by that of the sky.
4. Daily spectral indices (GRVI and NDVI) were calculated from the daily band-averaged reflectances by using Equations (1) and (2).
5. By reference to the ADFC images, data taken under rainy conditions were discarded, and only data collected under sunny or cloudy conditions were used for analysis.
Results
TKY Site: Deciduous Broadleaf Forest
At TKY, according to the ADFC images, the ground was covered with snow approximately from day of year ( When the canopy trees started to grow leaves (leaf green-up), GRVI and NDVI started to increase rapidly (on DOY 140). GRVI turned from negative to positive values at the beginning of leaf green-up (see photograph 2007-144 in Figure 3) . By approximately DOY 150, most of the canopy was covered with bright-green leaves, and GRVI and NDVI stopped increasing at this time and reached the annual maximum level of approximately 0.35 and 0.9, respectively ( Table 2 ). After that, GRVI gradually decreased as the leaves gradually turned dark green, while NDVI remained nearly constant.
In 2004, big typhoons hit the TKY site on DOY 173 (typhoon Dianmu) and 244 (typhoon Chaba). As a consequence, many green leaves dropped from the canopy, and GRVI sharply decreased, which is unusual during the growing period. Meanwhile, NDVI did not change in response to these typhoons. GRVI and NDVI rapidly decreased when the leaves turned yellow or red (DOY 270-310). GRVI shifted from positive to negative values at the middle of the autumn coloring period (see photograph 2007-301 in Figure 3 ). When the canopy turned bright red (see photograph 2007-307 in Figure 3 ), GRVI declined to the annual minimum value which is shown in Table 2 .
FHK Site: Deciduous Coniferous Forest
According to the ADFC images, the ground at FHK was covered with snow in January and February. 2007-135 in Figure 4 ), GRVI and NDVI stopped increasing and reached the annual maximum level of approximately 0.2 and 0.8, respectively (Table 3 ). Subsequently, GRVI gradually decreased, while NDVI maintained the maximum level for at least one month more. When the leaves turned yellow and red, both GRVI and NDVI rapidly decreased (DOY 280-320). GRVI turned from positive to negative during the middle of this period (see photograph 2007-302 in Figure 4 ). When the canopy color became bright red (see photograph 2007-316 in Figure 4) , GRVI reached the annual minimum value which is shown in Table 3 . (Table 4) . From DOY 150 to 270, GRVI and NDVI remained approximately constant, but GRVI slightly decreased when the aerial parts in the corners of the observation range were mown down (see photograph in Figure 5 ). The decrease of approximately 20 percent of green grass cover, which was estimated by a visual interpretation of the ADFC photos, was corresponding to approximately 7 percent decrease in GRVI. Meanwhile, NDVI did not change in response to this green cover decrease. GRVI rapidly decreased by half in response to the flowering and heading on approximately DOY 265; in contrast, NDVI slightly decreased. When the plants turned yellow, both GRVI and NDVI decreased. GRVI became negative during this period (see photograph 2008-315 in Figure 5 ).
TGF Site: Grassland
MSE Site: Paddy Field
According to ADFC images, the ground at the MSE was covered with bare soil from DOY 320 to 110. (Table 5) .
Both GRVI and NDVI decreased after the rice plants headed (see photograph 2007-214 in Figure 6 ). Just after harvest (see photograph 2007-264 in Figure 6 ), GRVI and NDVI had sharply decreased, and GRVI shifted to negative values. For approximately one month after harvest, GRVI and NDVI increased slightly with ratoon growth (see photograph 2007-285 in Figure 6 ). Figure 7 summarizes the relationships between the spectral indices and the condition of the vegetation and ground at the four study sites. In Figure 7 , we classified the conditions of sites into the six categories based on the visual interpretation of the daily ADFC images (Table 6 ). For TKY and FHK sites, we defined the categories as follows: "green leaf" period was the period when the dominant canopy trees (birch and oak for TKY; larch for FHK; see Table 1 ) in a image were expanding their green leaves; "yellow/red leaf" period was the period from when the dominant canopy trees began to turn yellow until the end of defoliation; "snow cover" period was the period when the ground was covered with snow including snow-melt period; the other periods except the days with temporal snow cover were defined as "understory vegetation with leafless trees". For TGF site, "green leaf" period was the period when more than 20 percent of the ground was covered with green leaves of grass plants; "yellow/red leaf" period was the period from the heading and flowering until the mowing of an aerial part of plants; the other periods except the days with temporal snow cover were defined as "bare soil". For MSE site, "green leaf" period was the period from the transplanting of seedlings until the heading; "yellow/red leaf" period was the same definition as TGF site; "irrigation water" period was the period when the ground was covered with water but the rice plants were not transplanted; the other periods except the days with temporal snow cover were defined as "bare soil". We chose the start and end dates of each category so that the conditions of the vegetation and the ground in ADFC images were same among years as much as possible.
Summary of the Relationships Between the Spectral Indices and the Condition of the Sites
At all the sites, GRVI was positive during most of the growing period (mainly green-leaf period), negative when plants had no leaves, and approximately zero with snow and irrigation water. GRVI was also near zero with understory vegetation and leafless trees.
NDVI was positive during the entire period. The minimum NDVI values of the green-leaf category varied widely among the sites. It was caused by the different NDVI values of each site at the start of leaf green-up period. Unlike GRVI, NDVI of understory vegetation was higher than that of snow and irrigation water. Figure 7 . The range of (a) GRVI and (b) NDVI values for the representative conditions of the sites. We classified the conditions of sites into the six categories based on the visual interpretation of the daily ADFC images (see subsection 3.5 and Table 6 ). 
Discussion
Applicability of GRVI as an Indicator of Vegetation Phenology
Our results suggest that "GRVI = 0" can be a simple and clear threshold that discriminates the period when the canopy was covered with green leaves from the period with the other conditions (i.e., bare soil, snow cover, water). This result supported our hypothesis about GRVI behavior mentioned in the introduction. The canopy photographs taken on the first day each year when GRVI had increased above zero show the early phase of leaf green-up; the photographs taken on the first day each year after DOY 200 when GRVI had declined to less than zero show the middle phase of autumn coloring at the TKY, FHK, and TGF site (Figure 8 ). At the MSE site (paddy field), the first GRVI > 0 photographs show approximately 20 days after transplanting, and the latter GRVI < 0 photographs show just after harvest. Figure 8 also shows that the vegetation condition indicated by "GRVI = 0" was consistent among years in each site. These site-independent and year-independent features are useful to make a simple algorithm of phenology detection using remote sensing.
Such clear and site-independent features were absent in the NDVI data. According to Figure 7 , the NDVI value at the start of green-leaf period had a big difference among the sites. In particular, the NDVI values for the growing period and the NDVI values of snow cover and understory vegetation somewhat overlapped. Therefore, NDVI cannot clearly discriminate the growing period from other conditions with a simple site-independent single threshold. We must consider the presence or absence of snow/water cover and understory vegetation for each target when we use NDVI, as pointed out by several studies [24] [25] [26] [27] . Furthermore, as Nagai et al. [13] have reported, the canopy condition of autumn coloring corresponded to different NDVI values from year to year. These results suggest that a single NDVI threshold cannot offer us to detect the vegetation phenology with a simple and stable algorithm. However, this study tested only the phenology detection by a single threshold of NDVI, and there are several other methods such as the use of an annual half-maximum value [8] , an inflection point [6] , and a maximum rate of curvature [28] . Hence, additional work is needed to evaluate the performance of the phenology detection using NDVI completely.
GRVI is a effective indicator particularly for autumn coloring of leaves. "GRVI = 0" can be a threshold for detecting the middle phase of autumn coloring as noted above, and in addition, the annual minimum of GRVI corresponded with the late stage of autumn coloring (the leaves turn bright red) at the forest sites TKY and FHK. Such a clear correspondence between the late stage of autumn coloring and NDVI data was not apparent ( Figure 3 and Table 2 for TKY; Figure 4 and Table 3 for FHK). The better correspondence between GRVI and autumn phenological changes is because GRVI is, in principle, sensitive to change in visible colors of the canopy.
One limitation of GRVI as a phenological indicator is that GRVI cannot detect the timing of transplanting of rice in paddy fields because GRVI showed few changes shortly after transplanting. The same thing was seen in NDVI as well. This is, in part, because the coverage by the rice plants just after transplanting is too small.
Other Advantages of GRVI as an Ecosystem Indicator
GRVI decreased in response to the changes in canopy vegetation even in the middle of the growing period when the apparent change of leaf colors and leaf density were small. For example, as seen in the results for TKY and TGF, GRVI decreased in response to leaf fall by typhoons, mowing of plants, and flowering/heading of grass plants. According to Figure 9 , which shows the relative value of GRVI and NDVI, GRVI kept changing during the entire growing period, whereas NDVI stopped changing in the middle of the growing period at a saturation value. This suggests that GRVI is better for detecting subtle disturbance in the middle of the growing period.
The GRVI data clearly correspond with different patterns of seasonal change among ecosystem types: namely, between deciduous forests and grassland. At the TKY site (deciduous forest), the graph of DOY versus GRVI showed an asymmetric pattern: a rapid increase up to the peak and a slow decrease after the peak (Figure 9 ). At the TGF site (grassland), the graphs were symmetric and bell-shaped ( Figure 9 ). In contrast, the graphs of NDVI were almost symmetric and bell-shaped at each site, and it is difficult to distinguish between the TKY site and the TGF site by the seasonal pattern of NDVI. Therefore, the seasonal pattern of GRVI can be utilized to classify ecosystem types, especially deciduous forest and grassland. This may be because GRVI is sensitive to changes in green color. After the canopy leaves covered most of the ground (canopy closing), the temporal change of red reflectance (corresponding to MODIS band-1) was so little that we could not find any site-dependant features (Figure 10 ). However, in that period, the green reflectance (corresponding to MODIS band-4) showed unique characteristic behavior at each site, in particular, between the deciduous forest sites (TKY and FHK) and the herbaceous sites (TGF and MSE): green reflectance gradually decreased at TKY and FHK, whereas the green reflectance remained almost constant at TGF and MSE. Light absorption of Figure 9 . Relative value of GRVI and NDVI during the growing period at each site. The relative value were calculated by using the following equation: relative value of spectral indices = (N −N min )/(N max −N min ), where N , N max and N min represents the daily spectral indices, the annual maximum spectral indices, and the annual minimum spectral indices, respectively. the vegetation canopy mainly depends on leaf growth processes and spatial layout; hence, the seasonal change of green reflectance could represent leaf development patterns of each ecosystem.
In conclusion, our data suggested that GRVI is a useful indicator of not only vegetation phenology especially for leaf autumn coloring, but also disturbance and ecosystem types. Although this study demonstrates the utility of GRVI by using datasets at the four types of vegetation, additional research is obviously needed to evaluate our findings at various sites around the world.
